We have used in vitro selection techniques to characterize DNA sequences that are ligated efficiently by T4 RNA ligase. We find that the ensemble of selected sequences ligated about 10 times as efficiently as the random mixture of sequences used as the input for selection. Surprisingly, the majority of the selected sequences approximated a well-defined consensus sequence.
The development of PCR and related methods for the amplification of populations of RNA or DNA molecules has made possible in vitro selection (1) for sequences that bind with high affinity to protein and other ligands (2) (3) (4) (5) or undergo various chemical transformations with high efficiency (6) (7) (8) . One approach is to synthesize an ensemble of oligonucleotides containing a very large number of different sequences and then to use nitrocellular blotting (2) , affinity chromatography (3) (4) (5) , or gel electrophoresis (7, 8) to select a small subset of molecules with the desired property. The selected subset is amplified and subjected again to the appropriate selection. After a few rounds of selection and amplification, an optimal population is obtained. Cloning and sequencing often reveals the structural basis of the selected phenotype.
In this paper we describe a somewhat different application of in vitro selection-the exploration of the sequence preferences of a protein enzyme. RNA ligase is an enzyme that joins together single-stranded RNA molecules efficiently and single-stranded DNA molecules much less efficiently (9, 10) . We The following oligodeoxynucleotides were synthesized by the standard phosphoramidite method on an ABI 391 DNA synthesizer: primer 1, 5'-TCGAGGCGTAGAATTCTTCG-3'; primer 2, 5'-GGATCCGCTAGCCGACTA-3'; primer 3, 5'-TAATACGACTCACTATAGGGAGATTCTTCGGAAG: TCTACGC-3' (the underlined portion is identical to the sequence in oligonucleotide 2 immediately upstream of the randomized N10 region); primer 4, 5'-TAATACGACTCAC-TATAGGGAGA-3'; oligonucleotide 1, 5'-AAGCTTC-CCGGGCTGCAC-3' (18-mer); oligonucleotide 2, 5'-TCGA-GGCGTAGAATTCTTCGGAATTCTACGCNNNNN-NNNNNGCCCGGGTAGTCGGCTAGCGGATCC-3' (N represents a mixture of A, C, G, and T) (66 mer); and oligonucleotide 3, 5'-TCGAGGCGTAGAATTCTTCGGAAT-TCTACGCCTCATAGCCCGGGTAGTCGGCTAGCG-GATCC-3'. 5'-Phosphorylated primer 1 and 5'-biotinylated primer 2 were assembled on the DNA synthesizer by using the chemical phosphorylating agent and the biotin phosphoramidite, respectively. The randomized region of oligonucleotide 2 was assembled on the DNA synthesizer by the programmed method in which each of the four phosphoramidites is delivered to the column.
Radioactive Labeling ofOligodeoxynucleotides. Oligodeoxynucleotides were radioactively labeled by using [ Ligation and Ampliflication. Ligation reactions were carried out with an aliquot containing 0.05-0.5 ,g (2-20 pmol) of the appropriate amplified 66-mer (oligonucleotide 2 in the first round) and 50 pmol of oligonucleotide 1 (2.5-25 molar equivalents) in a 10-pl volume at room temperature (see Fig.  1 ). Reactions were heated to 90°C for 1 min and quickly cooled to 0°C before addition of the ligase. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
ligase. The reactions were quenched after appropriate times and analyzed by electrophoresis on a 12% polyacrylamide/8 M urea gel. The appropriate bands were cut out of the gel, and ligation yields were determined by quantitation of the radioactivity using a scintillation counter.
Ligated 84-mer products were eluted from the gel slices by soaking in 10 mM Hepes, pH 7.4/1 mM EDTA/0.3 M sodium acetate for 2-18 hr. The ligation product was precipitated with ethanol and redissolved in 100-250 p.l of water. Onetenth to one-fourth of this solution was asymmetrically PCR-amplified as described above to regenerate the 66-mer substrate for use in the next round of selection.
Cloning. The selected ensemble of ligated products from the final selection were symmetrically PCR-amplified by using primers 1 and 2, and the resulting double-stranded 66-mers were cloned into a pCR1000 plasmid by a protocol supplied by Invitrogen.
Sequencing. DNA sequencing was carried out by the dideoxy method with Taq polymerase. The final ensemble of selected sequences before cloning was reamplified by symmetric PCR with primers 2 and 3, and the two complementary strands were sequenced by using primers 2 and 4 (see Fig.  lb ). We used this roundabout strategy because the selfstructure of the substrate prevented direct sequencing with primers 1 and 2. In most cases we sequenced the relevant part of the cloned plasmid in the same way-that is, by reamplifying via symmetric PCR prior to sequencing. In some cases we confirmed the sequencing by using primer 2 directly with the plasmid as template.
Preparation of Single-Stranded Ligation Substrates by Using Cloned DNA As Template. Standard symmetric PCR was carried out with the cloned plasmids as template and 5'-32p-labeled primer 1 and 5'-biotinylated primer 2. The resulting double-stranded 66-mer was purified by using an 8% nondenaturing polyacrylamide gel and was eluted with 500 A.l of 0.1 M Tris-HCl, pH 8.0/0.1 M NaCl. The eluate was shaken gently with streptavidin-conjugated agarose beads (50 ,ul of a 50% slurry of6% crosslinked beaded agarose) for 10 min. The beads were then spun down, and the supernatant was removed. The required single-stranded 66-mer was eluted from the beads with 250 ,u1 of a 0.15 M NaOH solution (5). This solution was neutralized with acetic acid (about 10 ,ul), and the DNA was precipitated with 2 volumes of ethanol. The above procedure leads to a substrate strand uncontaminated by its complement. This is necessary if quantitatively reproducible ligation yields are required.
RESULTS AND DISCUSSION General Plan of the Experiments. The sequences of the 18-mer (oligonucleotide 1) and 66-mer (oligonucleotide 2) substrates were chosen so that they hybridized together as shown in Fig. la Top. The randomized 10-base sequence of the 66-mer was opposed to the 5'-terminal pentanucleotide sequence of the 66-mer and the 3'-terminal pentanucleotide sequence of the 18-mer. The object of the experiment was to select from the substrate ensemble those sequences that were ligated most efficiently by T4 RNA ligase. Each reaction mixture contained about 2 pmol of substrates, that is about 1012 molecules. Since there are only 410, or about one million different sequences of 10 nucleotides, every possible sequence was represented very many times in the initial substrate ensemble.
The selection procedure is illustrated diagramatically in Fig. la . To initiate the selection, an aliquot ofthe randomized substrate ensemble was hybridized to the 18-mer and then subjected to the ligation procedure. The ligated product was separated from the unligated oligomers on a denaturing acrylamide gel and amplified by asymmetric PCR using primers designed to regenerate the selected members of the 66-mer ensemble. (We used asymmetric PCR to reduce the proportion of the strand complementary to the substrate that might rehybridize with it.) An aliquot of the amplified DNA was then denatured and used as the input for a second cycle of ligation and electrophoretic separation. The output of the second cycle was used to initiate a third cycle, and so on.
The reaction conditions were initially adjusted so that about 1% ofthe 66-mer substrate molecules was ligated to the 18-mer. This guaranteed that the ligated mixture was substantially enriched in those sequences that ligated most rapidly. As the selection of more efficiently ligated molecules proceeded, we modified the reaction conditions to reduce the efficiency of ligation by reducing the amount of PEG in the reaction mixture. PEG is known to promote the ligation of DNA strands (11) .
The final selected product was a mixture of molecules with different sequences, each of which ligated efficiently. This ensemble was subjected to DNA sequencing to obtain an ensemble "consensus" sequence. In addition the selected product was cloned, and a number of the clones were sequenced. The phenotypes of these sequences, that is the efficiencies with which they ligate, were measured by regenerating the appropriate DNA and ligating with 15% PEG. Finally we synthesized the "consensus" sequence suggested by the sequences of the isolated clones and measured its efficiency of ligation.
Selection of sequences facilitating ligation by T4 RNA ligase was carried out as illustrated in Fig. la. The progress of the selection is illustrated in Fig. 2 . The ligation of the initial population of 66-mers with the 18-mer substrate by using T4 RNA ligase with 15% PEG yielded 1.5% of product after a 1-min reaction time (round 0). This product was amplified to regenerate the 66-mer substrate for the next round of selection. An approximately 2-fold increase in ligation yield was observed (round 1). We found that the yield of the ligation reaction could be reduced in a controlled manner by lowering the concentration of PEG. The ligation yield at each stage of selection when using 15% PEG appropriately reduced PEG concentration is illustrated in Fig. 2a . The ligation yield after four cycles with 15% PEG was about 10 times that determined for the starting mixture.
To characterize the DNAs selected, we first sequenced the bulk mixture obtained after round 4. This was not informative, only showing that C residues were preferred in a number of positions. However, by sequencing individual clones (Fig.  3) , a common structural motifwas revealed in 21 of23 clones. At the ligation junction, there were usually four unpaired nucleotides at the 5' terminus of the 66-mer and two unpaired nucleotides at the 3' terminus of the 18-mer. On the opposite strand, there were either one or two unpaired bases. Deletions in the substrate were presumably due to the infidelity of Taq polymerase (8) .
Individual sequences were ligated by using T4 RNA ligase under standard conditions. The majority of the selected sequences were ligated with an efficiency within 30%o of that of the final selected mixture (Fig. 3) . Although the low ligation yields of RL-17 and RL-20 are not inconsistent with the expected variability in the population, they may indicate that mutations were introduced after the final selection, perhaps during the PCR amplification that preceded cloning. To confirm that the ligation by T4 RNA ligase was favored by the structural motif present in the consensus sequence, we synthesized oligonucleotide 3, which includes the common motif and eliminates the looped-out region. This defined substrate reacted somewhat faster than the selected ensemble. Two clones (RL-22 and RL-23) ligated efficiently but had structures unrelated to the consensus sequence. The random sequence of oligonucleotide 2 was replaced by a sequence complementary to the five 5'-terminal bases of the 66-mer and to the five 3'-terminal bases of the 18-mer. The completely double-stranded substrate obtained in this way failed to ligate detectably when using T4 RNA ligase.
The function of RNA ligase is to join single-stranded regions ofRNA, probably in a tRNA with a nicked anticodon loop (12) . It is believed that the enzyme binds one nucleotide at the phosphate-donor site and three at the acceptor site. In the consensus structure there are two conserved residues at the donor site and four at the acceptor site. In our assay we use DNA rather than RNA and a sequence with a secondary structure very different from that of a nicked anticodon loop. Consequently, the relevance of our findings to the physiological function of the enzyme is obscure.
The sequence preferences of RNA ligase that we observed are completely unexpected. Presumably the structural motif that we found had the effect of bringing together the termini in a configuration close to that in the transition state of the enzyme-catalyzed ligation reaction. Selection of CTC sequence in positions 5-7 or 6-8 of the randomized region and the A (or G) residue at position 10 led to base-pairing with the invariant sequence that perhaps favored ligation by locking the TC and GCAC termini into a favorable geometry. A related suggestion has been made for the ligation of RNA by T4 RNA ligase via use of a DNA template designed to bring the RNA termini together (13) . It is unclear why unpaired sequences two nucleotides long at the 5' terminus and four nucleotides long at the 3' terminus were always chosen in the selection experiments, rather than sequences of other lengths, say three and four nucleotides. It is equally unclear why an A residue or an AT sequence was preferred for the short unpaired region in the random sequence. We do not know whether the preferences were due entirely to the structure of the DNA or reflected the specific interaction of the DNA with the enzyme.
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